Abstract: Biofilm is a significant cause for membrane fouling. Antibacterial-coated surfaces can inhibit biofilm formation by killing bacteria. In this study, polyethersulfone (PES) microfiltration membrane was photografted by four antibiotic quaternary ammonium compounds (QACs) separately, which were synthesized from dimethylaminoethyl methacrylate (DMAEMA) by quaternization with butyl bromide (BB), octyl bromide (OB), dodecyl bromide (DB), or hexadecyl bromide (HB). XPS, ATR-FTIR, and SEM were used to confirm the surfaces' composition and morphology. After modification, the pores on PES-g-DMAEMA-BB and PES-g-DMAEMA-OB were blocked, while PES-g-DMAEMA-DB and PES-g-DMAEMA-HB were retained. We supposed that DMAEMA-BB and DMAEMA-OB aggregated on the membrane surface due to the activities of intermolecular or intramolecular hydrogen bonds. Bacteria testing found the antibacterial activities of the membranes increased with the length of the substituted alkyl chain. Correspondingly, little bacteria were observed on PES-g-DMAEMA-DB and PES-g-DMAEMA-HB by SEM. The antifouling properties were investigated by filtration of a solution of Escherichia coli. Compared with the initial membrane, PES-g-DMAEMA-DB and PES-g-DMAEMA-HB showed excellent anti-biofouling performance with higher relative flux recovery (RFR) of 88.3% and 92.7%, respectively. Thus, surface functionalization of the PES membrane with QACs can prevent bacteria adhesion and improve the anti-biofouling activity by the contact-active antibacterial property.
Introduction
Membrane separation technology which works without the addition of chemicals and with a relatively low energy cost has a great potential value in water purification [1] [2] [3] . However, waterborne bacteria have a tendency to attach on the membrane surface and form a biofilm, which leads to membrane fouling and decreases the membrane performance [4] [5] [6] . 
Results and Discussion

Surface Chemical Composition
The ATR-FTIR spectra of the initial and modified PES membranes showed four quaternary ammonium salts had been grafted on membranes (see Figure 2) . Compared with the initial PES membrane, a new sharp peak centered around 1728 cm −1 was assigned to the stretching vibration of O-C=O groups of the QACs. The other distinct peaks that appeared around 2850 cm −1 and 2925 cm −1 were attributed to the symmetric and asymmetric stretching vibrations of the -CH2-group. Moreover, the intensity ratio of the -CH2-group to O-C=O group increased with the chain length of the substituents increasing. Furthermore, an additional peak for the quaternary ammonium groups at 966 cm −1 was obvious in the ATR-FTIR spectra of the modified membranes. The surface chemical composition of the membranes was determined by XPS. The elemental analysis and grafting amount (GA) of the membranes were presented in Table 1 . The initial PES membrane contained nitrogen, probably because of the additive PVP. The C/N ratio of the modified membranes was higher than the original PES membrane, as a result of higher ratio of carbon in the monomers. In addition, the C/N ratio increased along with lengthening the substituent of alkyl chain on QACs. Figure 3 showed the high-resolution C 1s and N 1s XPS spectra of the PES and PES-g-DMAEMA-HB as the representative QACs grafted membranes. The binding energies of 284.5 eV and 286.5 eV were associated with the benzene and C-O group of PES, respectively. The peak with a binding energy of 288.5 eV was associated with the O-C=O group of DMAEMA-HB. The N 1s XPS 
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Surface Morphology
The surface morphologies of various membranes were investigated by SEM, as shown in Figure 4 . Compared with the initial PES membrane, the pore amounts of the modified membranes significantly reduced, because the QACs monomers or polymers covered the surface. Although PES-g-DMAEMA-BB and PES-g-DMAEMA-OB had lower GAs (193.6 μg/cm 2 and 203.8 μg/cm 2 , respectively), the pore amounts decreased dramatically. On PES-g-DMAEMA-BB and PES-g-DMAEMA-OB surfaces, the small size pores (diameter < 1.0 μm) almost disappeared and a few large size pores bore. We suppose that the QACs have both an electro provider (C=O) and receiver (quaternary 
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Antibacterial and Anti-Adhesion Activity
S. aureus (Gram-positive) and E. coli (Gram-negative) were used to assess the antibacterial ability of PES membranes grafted by QACs. The control experiment was performed using the initial PES membrane. The bacteria reductions after 24 h of incubation with various membranes were revealed in Table 2 . Little change in PES group showed that bacteria were in a good condition. QACs grafted PES membranes exhibited different degree of antibacterial activities. PES-g-DMAEMA-DB and PES-g-DMAEMA-HB demonstrated strong antibacterial activities with log CFU reduction of >3 and >5, respectively. However, PES-g-DMAEMA-BB and PES-g-DMAEMA-OB were found to have weak antibacterial activity with log CFU reduction of 1.03 and 2.06 for S. aureus, and 1.10 and 3.90 for E. coli, respectively. The results were in accordance with the early reports [33] . As the alkyl chain length of the monomer on the membrane surface increased, the hydrophobic interaction between QACs and the lipid layer of the cell walls was enhanced, that resulted in stronger antibacterial activities. ammonium), so the hydrogen bonds could be created inter-or intramolecularly, as shown in Figure 5 . This might lead the monomers or polymers assembling and blocking the pores on the membrane surface. As a small number of DMAEMA-BB and DMAEMA-OB were grafted on the membrane, the assembly could not cover the whole surface and left a skin with many large-sized pores. When the alkyl chain on the quaternary ammonium group increased (as dodecyl or hexadecyl), the steric hindrance grew up and eliminated the reaction between C=O and quaternary ammonium. As a result, the QACs were grafted equally on the surfaces. Figure 4 shows that most pores were kept on the PES-g-DMAEMA-DB and PES-g-DMAEMA-HB. 
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Anti-Fouling Performance
To evaluate the anti-fouling ability, the membranes were used to filter the E. coli solution as a model bacteria solution. The initial water fluxes of various membranes were illustrated in Table 3 . After modified with QACs, the pure water fluxes of the modified membranes decreased because of the pore number reduction mentioned above. As a bit of pores were left on the surfaces, PES-g-DMAEMA-BB and PES-g-DMAEMA-OB retained only 34.8% and 31.0% of pure water fluxes to the original PES membrane, respectively. Therefore, the filtration experiments were not performed for them. 
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Materials and Methods
Materials
Polyethersulfone (PES) microfiltration membranes were supplied by Tianjin Jinteng Laboratory Equipment Co., Ltd. (Tianjin, China). Prior to use for experiments, the membranes were washed in methanol for 1 h, then thoroughly equilibrated with deionized (DI) water. All chemical reagents were purchased by Sigma-Aldrich (St. Louis, MO, USA) and used as received. The bacteria stains were supplied by the Chinese Center for Disease Control and Prevention (Beijing, China).
Synthesis of Quaternary Ammonium Salts Monomers
10 mL of DMAEMA, an estimated amount of alkyl bromide [alkyl bromide/DMAEMA (1.1/1 mol)] and 30 mL dichloromethane as solvent were added in a 100 mL flask. The solution was stirred at 50˝C for 24 h. After reaction, the mixture was concentrated and dispersed in dry isopropyl ether. White needle crystals were obtained by filtering, washing with dry isopropyl ether several times and drying under vacuum at room temperature before use. The yields of QACs were 80%, 78%, 82%, 85% for DMAEMA-BB, DMAEMA-OB, DMAEMA-DB, and DMAEMA-HB, respectively.
Membrane Modification by Photografting
A UV system equipped with a 300 W high-pressure mercury lamp and a glass filter was used, which provided homogeneous 55˘5 mW/cm 2 UV illumination (wavelength > 300 nm). Four QACs monomer solutions were prepared by dissolving in DI water and degassed by bubbling with nitrogen or ultrasonic (for DMAEMA-DB and DMAEMA-HB, as their solution would foam up by bubbling) for 30 min before use. Circular PES membranes with a diameter of 50 mm were immersed in 1% w/w monomer solutions in a Petri dish for 2 min. Then they were UV irradiated for 30 min. Thereafter, membranes were taken out, rinsed with DI water immediately and immersed in 50% ethanol/water for 2 h to remove any unreacted monomer or physically adsorbed polymer. Finally, membranes were washed with DI water again to remove ethanol and dried at room temperature for further use. The grafting amount (GA) was measured by the weight increase of modified PES membrane per area according to the following equation:
where W 0 is the initial membrane weight (µg), W 1 is the modified membrane weight (µg), and A is the membrane area (cm 2 ).
Membrane Characterization
The surface chemical composition of the initial and modified PES membranes were characterized by ULVAC-PHI XPS (ULVAC, Inc., Kanagawa, Japan) and Nicolet 6700 ATR-FTIR (Thermo Fisher Scientific Inc., Waltham, MA, USA). Morphological changes of the membranes were observed by KYKY-2800B SEM (KYKY, Beijing, China) with an accelerating voltage of 6 kV. All samples were treated by gold sputtering.
Bacteria Tests
Gram-positive S. aureus and Gram-negative E. coli were used as model bacteria in this study. Bacteria were first cultured overnight in separate pure cultures at 37˝C with shaking at 200 rpm for 12 h in 30 mL lysogeny broth (LB) (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L sodium chloride, adjusted to pH 7.0 with 1 mmol/L NaOH). After culturing, bacteria were separated from the LB by centrifugation and dispersed in phosphate-buffered saline (PBS) (pH = 7.4). The mixture went through centrifugation again to separate the bacteria from the PBS. This procedure was repeated three times to remove the nutrients. Then the resulting bacteria were then diluted with PBS to obtain a suspension of aboutˆ10 7 cells/mL.
Antibacterial activity was evaluated by the shaking contact tests. The membranes (d = 50 mm) were immersed into 40 mL bacteria suspension and shaken in an incubator shaker at 200 rpm and 37˝C for 24 h. After that, serial dilutions were prepared by taking 1.0 mL into 9.0 mL PBS and mixing. From these dilutions the surviving bacteria were counted by the spread plate method. Bacteria incubated with unmodified membranes were used as control. The plated dilutions were performed in triplicate and then counted.
In adhesion tests, the membranes were placed in individual wells of 24-well plate, and 100 µL of bacteria suspension was gently dropped on membranes. The bacteria adhesion was cultivated for 24 h at room temperature. Consequently, the membranes were rinsed with PBS for several times. The resulting samples were immobilized in 4.0% glutaraldehyde solution for 4 h, and then subjected to a serials of graded ethanol-water solution (10%, 20%, 30%, to 100%) and each step lasted for 20 min. Finally, samples were air-dried at room temperature for SEM observation.
Filtration Experiment With a Bacterial Solution
The anti-fouling ability of the initial and modified PES membranes was evaluated by a dead-end filtration system. A bacterial solution of E. coli aboutˆ10 5 cells/mL was used as the feed solution. Pure water permeability (J 0 ) was measured until the recorded values were considered to be constant. The permeability of the bacterial solution (J) was measured for 60 min. Then the test solution was removed, and the membranes were washed several times with pure water. The recovered water flux was measured as J 1 . To evaluate the fouling-resistance of the membranes, the relative flux recovery (RFR, %) was calculated according to the following equations:
Conclusions
Contact-active antibacterial material is effective to prevent biofilm formation by killing bacteria. Additionally, it can reduce bacteria amounts in the environment. That is significant to raise the efficiency of membrane separation and increase its service life. In this study, four QACs with different lengths of alkyl chains were synthesized from DMAEMA and grafted on PES membranes via UV photograft polymerization. After modification, pores on the membranes surfaces, which were grafted with short alkyl chain-substituted QACs, were narrowed and even blocked, because the hydrogen bonds might be created inter-or intramolecularly and monomers or polymers would assembled on the surfaces. For long alkyl chain-substituted QACs, the enhanced steric hindrance could eliminate the hydrogen bonds and most of the pores on the surfaces were kept. Bacteria testing revealed that the modified membranes possessed anti-bacteria ability, which increased with the carbon number of the substituted alkyl chain in monomers. It suggests that the alkyl chain length is important for the antibacterial property. Bacteria could be killed by contacting the modified membranes and few bacteria were observed on PES-g-DMAEMA-DB and PES-g-DMAEMA-HB. Biofouling experiments with a solution of E. coli revealed that PES-g-DMAEMA-DB and PES-g-DMAEMA-HB had lower water flux reduction and higher final water permeability than the initial PES membrane. Additionally, higher RFR values meant stronger anti-adhesion abilities of the modified membranes. Therefore, for PES membrane, UV photografting with long alkyl chain substituted QACs can be used to functionalize with contact-active antibacterial and antifouling properties.
